Abstract-Lumbriculus variegatus and Diporeia spp. were exposed to two contaminant pairs 3 H-benzo[a]pyrene (BaP) and 14 C-2,4,5,2Ј4Ј,5Ј-hexachlorobiphenyl (HCBP), and 3 H-pyrene (PY) and 14 C-3,4,3Ј,4Ј-tetrachlorobiphenyl (TCBP) sorbed to each of seven field-collected sediments of varying composition. Toxicokinetic coefficients, bioaccumulation factors (BAF), and biota-sediment accumulation factors ([BSAF], BAF normalized to the organism lipid content and sediment organic carbon content) were determined. The contaminant desorption rates from sediments were measured with a Tenax resin extraction technique. The desorption rate constants for rapid, slow, and very slow contaminant compartments and the fractions of contaminant in each compartment were compared with the toxicokinetic coefficients, BAF, and BSAF to describe contaminant behavior across sediments, among compounds, and between species. The best description of the bioavailability was the log BSAF regressed against the fraction rapidly desorbed (F rapid ) across all sediments and compounds for both species, r 2 ϭ 0.67 and 0.66 for L. variegatus and Diporeia, respectively. Use of a calculated fraction desorbed in 6 h or 24 h, which has been suggested as a surrogate for F rapid , did not produce as predictive a regression because of uneven desorption in a fixed duration for each compound among the sediments. Thus, F rapid provided a good surrogate for the bioavailability of the sediment-sorbed contaminant as represented by BSAF across seven sediments and four compounds with predictions within a factor of approximately two of the measured value.
INTRODUCTION
After more than a decade of research searching for the best method to determine the bioavailability of sediment-associated organic contaminants to aquatic organisms, the problem is better defined but not completely resolved. Recent research examining the bioavailability of sediment-associated organic contaminants has shown that bioavailability of a range of nonpolar contaminants can be related to the fraction of contaminant rapidly desorbed, as demonstrated with tubificids, marine amphipods, and marine deposit feeding mollusks [1] [2] [3] [4] . The contribution from the slowly and very slowly desorbing fractions of contaminant are less [3] but can contribute some to the bioaccumulation [5] . In an analogous manner, the biodegradation of polycyclic aromatic hydrocarbons (PAH) by microorganisms was linked directly to the bioavailability (desorption) of PAH from sediments and was not limited by the inherent organism characteristics [6] . Many of these experiments were conducted with sediments representative of a single location.
If bioavailability is described fundamentally by the fraction that is rapidly desorbed (F rapid ), then it may not be necessary to measure the entire desorption curve but rather a short-term measure of desorption may suffice to describe bioavailability. To demonstrate this approach, relatively short duration Tenax (Scientific Instrument Services, Ringoes, NJ, USA) resin extractions (6 h) described the variation in the bioavailability across a range of compound characteristics and among classes of compounds [3, 7] . This 6-h extraction provides an estimate that is approximately half the value of F rapid [3] . Other investigators have suggested that a 24-h extraction be employed for this purpose, as it provides an estimate that essentially is the same magnitude as F rapid [6] . However, both approaches should work so long as there is a constant relationship between the measured short-term extraction and F rapid .
The next step in extrapolating these recent findings to environmental scenarios is an examination of the approach across a series of sediments with differing characteristics. Our objectives were to confirm the potential applicability of sediment desorption kinetics as surrogates for bioavailability in two freshwater benthic organisms, Lumbriculus variegatus and Diporeia spp., exposed to several types of sediment. Lumbriculus variegatus is the organism selected by the U.S. Environmental Protection Agency as the freshwater organism for determining the bioaccumulation potential of sediment-associated contaminants [8] . Diporeia spp. is an important benthic amphipod in the Great Lakes and serves as a major organism for transfer of sediment-associated contaminants to the Great Lakes food chain [9] . The sediments for this study were collected from seven freshwater geographic locations; sediments were spiked with radiolabeled compounds and both contaminant desorption and bioaccumulation, as toxicokinetics and bioaccumulation 43Њ01Ј48ЉN  43Њ38Ј00ЉN  45Њ31Ј00ЉN  48Њ03Ј56ЉN  41Њ39Ј24ЉN  41Њ39Ј48ЉN  39Њ00Ј00ЉN   86Њ22Ј12ЉW  82Њ13Ј00ЉW  83Њ25Ј00ЉW  90Њ25Ј38ЉW  82Њ49Ј39ЉW  82Њ49Ј46ЉW  92Њ15Ј00ЉW factors, were measured in L. variegatus and Diporeia spp. for two PAH and polychlorinated biphenyl (PCB) congeners to evaluate the utility of desorption kinetics parameters to predict bioaccumulation.
MATERIALS AND METHODS

Compounds
Two PCB congeners, 14 , specific activity 25.2 Ci/ mmole, CAS 129-00-0) was obtained from Chemsyn Science Laboratories (Lenexa, KS, USA). The radiopurity of the compounds was determined using thin layer chromatography in hexane:benzene (8:2, v/v) and liquid scintillation counting [10] . If needed, the stock was purified using thin layer chromatography, so the radiopurity of each compound was Ͼ98% prior to use in the experiments. The nonlabeled PY (purity Ͼ99%) and BaP (purity Ͼ98%) were obtained from Aldrich (Milwaukee, WI, USA).
Sediment collection
The sediments were obtained from a variety of geographical locations (Table 1) to represent a wide range of sediment characteristics (e.g., the organic carbon) content ranged from 0.41 to 4.11% [11] . Grab samplers were used to obtain the sediment samples, so depending on the sediment, the sample represents from 5 to 20 cm from the sediment surface. The sediments were shipped wet to the laboratory in polyethylene buckets and held at 4ЊC until use. All sediments were press-sieved through a 1-mm sieve to remove any large debris and mixed thoroughly.
Sediment spiking
The sediments were dosed with 14 C-labeled HCBP and 3 Hlabeled and nonlabeled BaP to yield target concentrations of 360 nmol kg Ϫ1 for both compounds. Similarly, 14 C-labeled TCBP and 3 H-labeled and nonlabeled PY were spiked to separate aliquots of each sediment at 360 nmol kg Ϫ1 . The actual concentrations were 390, 370, 340, and 350 nmol kg Ϫ1 for BaP, HCBP, PY, and TCBP, respectively [11] . Equimolar concentrations of the compounds in each pair were used to ensure that concentration effects would not confound the results. For spiking, the rolling jar method [12] , with a slight modification, was used by adding clean quartz sand (0.2% of dry wt for each sediment) prior to evaporating the solvent containing the contaminant [11] . After solvent evaporation, the sediments were added and rolled at room temperature for 4 h, stored overnight at 4ЊC, and rolled for an additional 4 h at room temperature. The sediments subsequently were stored for 60 d at 4ЊC for the BaP/HCBP-spiked sediments and 110 d for the PY/TCBP-spiked sediments.
Desorption rate determinations
After storage, sediment samples (100-150 mg wet wt) were taken from each jar, placed in scintillation cocktail (3a70B, RPI International, Mount Prospect, IL, USA), sonicated (Tekmar Model TM375 sonic disruptor, Cincinnati, OH, USA), and counted on a Packard Tri Carb model TR2500 scintillation counter (Packard Instruments, Meriden, CT, USA) [11] . The samples were corrected for quench using the external standards ratio method after subtracting background.
Desorption of model compounds from sediment particles was measured in duplicate using Tenax-TA beads (mesh size 60-80) as an absorbent in sediment-water suspension [11] . Briefly, fresh sediment (2.3-3.7 g) was mixed with 50-ml filtered (glass fiber, type A/E, Gelman Sciences, Ann Arbor, MI, USA) Huron River water (Dexter, MI, USA) containing HgCl 2 (50 mg L Ϫ1 ) and 0.2 g Tenax-TA resin. The Tenax-TA resin was replaced 13 times (BaP ϩ HCBP) or 11 times (PY ϩ TCBP) during 38-d experiment. The resin was extracted once with 5 ml acetone and twice with 5 ml hexane. Combined solvents were evaporated to 1 ml, 10 ml of scintillation cocktail was added, and samples were counted for 3 H and 14 C activity. The data were modeled using triphasic kinetic model assuming no significant re-adsorption [13] :
t 0 rapid slow veryslow where S t is the sediment-sorbed amount at time (t), S 0 is a sediment-sorbed amount at the start, F is a size fraction of a chemical in fast, slow, and very slow sediment compartment, k is the desorption rate coefficient for respective compartments (h
Ϫ1
), and t is time (h). The product of each compartment's desorption rate constant multiplied by the chemical concentration within each respective compartment is equal to the contaminant flux from each compartment. The overall mass balance for total amount desorbed and remaining in the sediment ranged from 86 to 110% [11] .
Organisms
The oligochaete L. variegatus was obtained from the U.S. Environmental Protection Agency, Midcontinent Ecology Division (Duluth, MN, USA). The worms were cultured in a 38-L aquarium with a substrate of shredded, unbleached paper towel. The culture was maintained at room temperature under gold fluorescent light. The paper towel was presoaked in well water before being added to the aquarium. Approximately 5 to 8 L of well water was passed through the aquarium daily and the aquarium was well aerated. The culture was fed twice a week with approximately 3 g of ground trout chow.
Diporeia spp. were collected at a 60-m deep station west of Muskegon (MI, USA) (43Њ10.92ЈN, 86Њ26.96ЈW) and transported to the Great Lakes Environmental Research Laboratory (Ann Arbor, MI, USA) in lake water that was kept cool with ice. The organisms were held in Lake Michigan sediment with approximately 10 cm Huron River water for less than one month prior to testing. Huron River water was used because it has water quality characteristics (pH, hardness, and alkalinity) that essentially are the same as Lake Michigan water [14] .
Bioaccumulation assays
After equilibration of the sediment and contaminants, the overlying water was decanted and the sediment mixed for homogeneity. For the Diporeia spp. assay, the sediments (45 g) were distributed into 400-ml beakers, eighteen beakers per sediment. Huron River water (300 ml) carefully was added to the beakers so the sediment would not be disturbed and the beakers were allowed to stand overnight at 4ЊC. Eight Diporeia spp. were added to each beaker; beakers were kept at 4ЊC in the dark, and three replicate beakers were sampled after 2, 4, 8, 14, 21, and 28 d for the BaP/HCBP exposure and after 2, 4, 7, 13, 20, and 28 d for the PY/TCBP exposure for each sediment.
On each sampling day, three beakers were sampled for each sediment. The overlying water was removed and any swimming Diporeia spp. were collected. The remaining Diporeia spp. were recovered by searching through the upper few millimeters of sediment with forceps. The Diporeia spp. were placed in a petri dish containing Huron River water to wash off any residual sediment. A sample of two Diporeia spp. per beaker were taken for lipid content on days 2, (13)14, and 28. Diporeia spp. for lipid analysis were placed in preweighed tubes, dried, and stored in desiccator for the further analysis. Two replicates of 3 to 4 Diporeia spp. from each beaker were prepared for determination of contaminant concentration. The Diporeia spp. were blotted dry, weighed, and dispersed into 1 ml of tissue solubilizer (Soluene 350, Packard Instruments). Samples were kept at room temperature and on the next day a 12-ml scintillation cocktail was added. A sediment sample was taken carefully, excluding the Diporeia spp., for measurement of compound concentrations as described above. A second weighed subsample was dried at 90ЊC to determine the wet to dry weight ratio.
Lipids were determined by spectrophotometric analysis [15] . In brief, the lipids were extracted with chloroform:methanol (1:1) and the solvent transferred to a clean test tube. The solvent was reduced in volume to dryness by heating at 100ЊC. Sulphuric acid (0.2 ml) was added and the sample heated for 10 min at 100ЊC. The color was developed with a vanillinphosphoric acid reagent. The samples were read on a spectrophotometer at 525 nm. Soybean oil was used to develop the standard curve by creating solutions representing 5 to 300 g.
For the exposure of L. variegatus, 45 g of wet sediment was transferred into 250-ml exposure beakers. Huron River water was added carefully to the beakers so the sediment would not be disturbed. The beakers were placed in small aquaria filled with the same water and allowed to stand overnight at 20ЊC. On the following day, ten test organisms were added carefully to each beaker by a pipette. The exposure was carried out using the water renewal system described by Zumwalt et al. [16] . Half of the volume of overlaying water was exchanged daily. For the BaP/HCBP exposure, the sampling was done after 1, 2, 4, 7, 11, and 14 d and for PY/TCBP exposure after 1, 2, 4, 6, 11, and 14 d. At each time three replicate beakers were sampled. Samples were treated as described above for Diporeia spp. except the worms were placed in water for 6 h to purge their guts [17] .
Data analysis
Contaminant accumulation data were fit to a first order toxicokinetic accumulation model to estimate both uptake and elimination for evaluation of bioavailability
a k e
where C a ϭ concentration of the compound in the organisms (nmol g Ϫ1 wet wt), C s ϭ concentration of the compound in the sediment (nmol g Ϫ1 dry wt), k s ϭ the uptake clearance of the compound from sediment (g dry sediment g
Ϫ1 wet organism h Ϫ1 ), k e ϭ the elimination rate constant of the compound (h Ϫ1 ) in sediment, and t ϭ time (h). The model assumes that the concentration in the sediment remains constant and there is no biotransformation of the compound. The data were fit by nonlinear curve fitting using Scientist (Ver 2.01 MicroMath Scientific Software, St. Louis, MO, USA). The correlation analyses were performed with SPSS for Windows 10.1 package (SPSS, Chicago, IL, USA). Linear regression analyses were performed using Systat 10 (SPSS). Significance was set at p Յ 0.05.
Bioaccumulation factors were determined either from the measured values at the end of the exposures (BAF me ) as the concentration in the organisms (nmol g Ϫ1 wet wt) divided by the concentration in the sediment (nmol g Ϫ1 dry wt) or as calculated values from the toxicokinetics (BAF ca ) as the ratio of k s /k e to give the expected steady state BAF. For HCBP, k e could not be estimated from the toxicokinetics model for Diporeia spp. in most cases because of the very low elimination rate. Therefore, a fixed value of 0.00058 h Ϫ1 [18] was used to determine BAF ca for HCBP in Diporeia spp. from the toxicokinetics.
The biota-sediment accumulation factor was calculated by normalizing BAF ca by the lipid content of the organisms and the organic carbon content of the sediments. The average lipid values for the PY/TCBP experiment for L. variegatus were 1.5 Ϯ 0.19% (n ϭ 25) and for Diporeia spp. were 6.2 Ϯ 1.4% (n ϭ 48) on wet weight basis. In the BaP/HCBP experiment L. variegatus had 1.2 Ϯ 0.13% (n ϭ 45) lipids and Diporeia spp. 5.5 Ϯ 0.7% (n ϭ 52). The sediment organic carbon concentrations were reported in Kukkonen et al. [11] .
RESULTS
The interactions of the contaminants with the various sediments led to substantial variation in the bioaccumulation expressed both in the toxicokinetic parameters and the bioaccumulation factors whether as BAF or BSAF (Tables 2 and  3 ). The toxicokinetic model fit the Diporeia spp. data better (coefficient of determination 0.80 Ϯ 0.19 and percent coefficient of variation (%CV) for the estimated kinetic parameters: k s 12.3 Ϯ 8.7% and k e 29.3 Ϯ 18%; %CV for k e does not include HCBP across all sediments and compounds than for L. variegatus (coefficient of determination 0.66 Ϯ 0.19, %CV for k s 24.8 Ϯ 33.3% and k e 26.1 Ϯ 32.7%). The lower fit for the L. variegatus resulted from the sampling scheme because samples were not taken early enough in the kinetic time course, particularly for PY, to reflect the rapid attainment of steady state. Thus, the shape of the accumulation curve could not be as well-determined, resulting in higher %CV.
The characteristics of the contaminant interactions with the sediment, as reflected in the desorption rates and the contaminant fractions associated with the desorption rate constants, varied among the sediments reflecting the differences in the binding of the compounds to sediments of differing composition (Table 4 ). The desorption model fit the data well with a mean coefficient of determination of 0.997 Ϯ 0.003 and the mean %CV for F rapid and k rapid were 19 Ϯ 27% and 20 Ϯ 21%, respectively, across all compounds and sediments. Additional details on the sediment characteristics and the desorption parameters were published previously [11] .
The equilibration times used for the two sets of compounds were different. The BaP and HCBP were equilibrated for 60 d while the PY and TCBP were equilibrated for 110 d. This was the result of scheduling difficulties and not intentional design. However, this may account for the relatively slower desorption of TCBP compared to HCBP in some cases (Table  4) . If desorption measures account for differences in bioavailability, this should not create a problem as both the desorption and bioaccumulation were expected to be affected equally.
Several measures of bioavailability could be examined: 
of steady state and could add variability to the data as the true potential for accumulation would be complicated by the differences in the kinetics. In addition, while F rapid may be larger for one compound than another, that does not indicate that the desorption rate for that fraction for two compounds would be the same. By selecting the steady state condition, the potential impact of the kinetics on desorption would be avoided. Finally, the calculation of BSAF also should be performed at steady state. Thus, for consistency, the BAF ca values were used for comparison to the desorption kinetics along with the BSAF values.
Lumbriculus variegatus toxicokinetics and bioaccumulation
Correlations between the toxicokinetic parameters and the factors representing the desorption kinetics were examined to describe the variation in the bioavailability across the range of sediments (Table 5 ). For the two PAH congeners, the flux off the particles (i.e., the rate constant times the concentration in a compartment) was directly proportional to the rate of bioaccumulation as determined by the uptake coefficient. The flux out of the sediment can be related to the uptake coefficient (k s ) because k s is directly proportional to the flux into the organism as represented by k s C s because C s is constant. Thus, overall, the faster the flux out/off particles, the faster the flux into the organism. However, the correlation for PY, the more water-soluble PAH, was less significant 0.1 Ն p Ն 0.05 perhaps reflecting the difficulty in obtaining accurate kinetic parameters because of the sampling scheme. Normalizing the rate of accumulation to the amount of organic matter in the sediment (k soc ), which is the presumed binding phase, did not improve the relationship. For TCBP, only the size of the rapidly desorbing compartment was correlated positively to the uptake coefficient normalized to the amount of organic carbon (k soc ). For HCBP, all of the correlations found between the uptake coefficient and the desorption measures were negative, including the flux from the rapidly desorbing compartment and total flux (defined as that from the rapid plus the slowly desorbing compartments) from the sediment. Mechanistically, these correlations for HCBP do not make sense and no explanation can be provided at this time. Thus, the uptake of the PCB congeners were not as strongly connected to the desorption characteristics as the PAH congeners. Differences between the behavior of PAH and PCB toxicokinetics have been observed that resulted in differences in bioaccumulation (e.g., Landrum et al. [19] ). These differences originally were thought to be the result of differences in the sorption strength between the two compound classes assuming similar log K ow values. However, from the desorption kinetics the features that dictate these changes include both the strength of sorption (k rapid ) and the size of F rapid . The specific issue for the PCB congeners is the small range in size of these desorption parameters and the correspondingly small range in bioaccumulation. Thus, differences among the sediments were small, which complicates the ability to form correlations across a relatively small number of sediments.
The elimination constants for BaP, TCBP, and HCBP were all correlated negatively to the flux out of the rapidly desorbing compartment and the flux total. Furthermore, the elimination was correlated negatively to the desorption rate constants for the rapidly and slowly desorbing compartments. Only the more water-soluble PY elimination showed little relationship to the desorption characteristics but was correlated negatively to the rate constant for the rapidly desorbing compartment. For elimination, finding that there is a negative correlation to flux or to desorption rate constants implies an impact of sediment on the elimination process where the more strongly the compound binds to sediment, the more the elimination is enhanced. This is consistent with a recent publication by Lotufo and Landrum [20] showing the impact of sediment on the elimination process.
Contaminant bioaccumulation represents a balance between the uptake and elimination. For BaP and HCBP that were the most hydrophobic, the BAF values correlated with the desorption flux off the sediment (Table 5) ; thus, the faster the rate of release from sediment, the greater the accumulation. In addition, the HCBP BAF correlated with F rapid , while the 
; BAF ϭ bioaccumulation factor; BSAF ϭ Biotasediment accumulation factor normalized for organism lipid and sediment organic carbon. b Flux rapid ϭ k rapid times the concentration in the fraction rapidly desorbed; Flux slow ϭ k slow times the concentration in the fraction slowly desorbed; Flux total ϭ Flux rapid plus Flux slow; F rapid ϭ Fraction of rapidly desorbed compound; k rapid ϭ The rate constant for the fraction rapidly desorbed (h Ϫ1 ); F slow ϭ The fraction of slowly desorbed compound; k slow ϭ The rate constant for the fraction slowly desorbed (h Ϫ1 ); F verys ϭ The fraction of very slowly desorbed compound; k verys ϭ The rate constant for the fraction very slowly desorbed (h Ϫ1 ).
BaP BAF correlated with the rate constants for the rapidly and slowly desorbing compartments. This suggests that some of the slowly desorbing compound is available for bioaccumulation and is similar to other work with L. variegatus [5] . For PY, the BSAF correlated with the total flux and with the fraction in the rapidly and slowly desorbing compartments. For TCBP, there was only one correlation and that was with F rapid . Overall, the fraction rapidly desorbed described the extent of bioaccumulation.
Diporeia spp. toxicokinetics and bioaccumulation
Diporeia spp. exhibited trends between the desorption characteristics and the bioaccumulation of contaminants but did not show as many positive correlations as those found for L. variegatus (Table 5 ). For BaP, the correlations primarily were between the BAF and the flux off the particles and the desorption rate constants, while the uptake coefficient was correlated only to the rate constant for rapid desorption. For PY, the uptake on a carbon-normalized basis correlated with the flux off the particles, most notably with the flux from the slowly desorbing compartment. This same compartment exhibited a strong positive correlation to the BSAF. The desorption rate constants for the rapid and slow compartments also correlated with the carbon-normalized uptake coefficient and the BSAF. For TCBP, the only correlation was between F rapid and both the carbon normalized uptake coefficient and the BSAF. The HCBP exhibited positive correlation between the flux from the slow compartment and the uptake coefficient and BAF. Between the BSAF or the uptake coefficient and the flux from the rapid compartment, total flux, or the desorption rate constants from the rapid and slow compartments there were weaker correlations. Also, there were weak negative correlations between carbon-normalized uptake coefficient, the flux from the rapid compartment, and total flux for HCBP. Thus, the general trend was that the flux either from the rapid compartment or the flux total correlated with the bioaccumulation. Similar trends using either the desorption rate constants or the flux are expected because the flux is the product of the desorption rate constant times the concentration in the respective compartment.
F rapid versus bioaccumulation
Previous work has suggested a relationship between F rapid and the bioaccumulation of organic contaminants [1, 2, 4] . Though it is possible to examine the data both across all sediments with each compound and across all compounds within each sediment, the objective of this study was to determine if there was any interaction that could be described by all the data because previous studies cited above have shown good relationships among compounds within a sediment.
Comparing the bioavailable potential across sediments and compounds can be performed using either BAF or BSAF, depending on whether normalization to lipid and organic carbon help explain the variance in the data. Because F rapid is a fraction of contaminant relative to total sediment concentration and the BAF is the fraction bioaccumulated relative to total sediment concentration, the first attempt was to compare these two characteristics. The correlations only accounted for 8 and 32% of the total variability for L. variegatus and Diporeia, respectively. Thus, significant variation was not addressed by this simple approach. This variation appeared to come in part from the fact that the Lake Michigan sediment had a low organic carbon content and the bioaccumulation apparently is enhanced relative to F rapid . Thus, to account for the relative distribution issues within the sediment and organism, the normalization to organic carbon and lipid was employed to create the BSAF, which could be compared to F rapid .
In the work of Kraaij et al. [1, 2] , the observed relationship between F rapid and the BSAF was described as linear. However, the relationship found in this work was log linear and described the variation between log BSAF and F rapid measured from the desorption kinetics. Initial investigation of a linear relationship (Fig. 1, r 2 ϭ 0.53 and 0.39 for L. variegatus and Diporeia, respectively), though, significant ignored two observed features of the data that are well addressed with a log linear model (Fig. 2) , which produces much improved r 2 values and p values for both species. The need for the log linear model comes from two aspects of the data. The first is the tendency of the bioaccumulation to trail off faster than F rapid such that the linear model crosses the x-axis (fraction rapidly desorbed) at a value above zero, suggesting that some fraction can be desorbed that is not bioavailable. The second feature is that the BSAF values tend to increase faster than F rapid . The end result is a curvilinear plot as viewed in the linear scale. Furthermore, the residuals for the linear relationships show a fan-shape distribution, indicating larger deviations with larger F rapid (data not shown). The log linear model yields residuals that are distributed evenly across the regression, further verifying the appropriateness of the model. The regressions for the two organisms are similar across all compounds and sediments (Fig. 2) . However, the slopes and intercepts of the regression lines are significantly different. The variation accounted for by the regressions was good 67% for L. variegatus and 66% for Diporeia.
In the work by ten Hulscher et al. [7] , the extent of desorption was estimated from a 6-h measure of desorption and from Cornelissen et al. [3] this is estimated to be approximately 50% of the value for F rapid . In this work, a 6-h measurement was not made but could be calculated from the desorption kinetics using Equation 1. The regression line through the data suggest that, on average, the amount calculated to be desorbed in 6 h is about 50% the size of F rapid . The relationship between F rapid and the fraction desorbed in 6 h was significant, but it is clear that BaP and HCBP were not as well-desorbed as PY and TCBP (Fig. 3) . Thus, the ability of a 6-h measurement to predict bioaccumulation was much less significant than using F rapid for Diporeia (r 2 ϭ 0.14) and not significant for L. variegatus. This reflects the relatively incomplete desorption of Fig. 3 . Plot of the extent of desorption in 6 h calculated from the measured desorption kinetics compared to the fraction rapidly desorbed; Regr ϭ Regression. BaP and HCBP relative to PY and TCBP. In a study by Shor et al. [6] , the suggestion was to use a 24-h desorption measure as the representation for F rapid . The regression line through the data comparing the amount calculated to desorb in 24 h versus F rapid had a slope that was not significantly different from one (Fig. 4) . The variation in the regression likely comes from desorption contributions from the slow compartment for compounds like pyrene, elevating the calculated desorption in 24 h, thus exceeding that in the rapidly desorbed compartment while compounds like BaP and HCBP still have not desorbed sufficiently to represent fully F rapid . This estimation, like that of the calculated 6-h fraction, did not allow as useful a prediction of the extent of bioavailability (r 2 ϭ 0.24 and 0.40 for L. variegatus and Diporeia, respectively) as the use of F rapid . However, using the 24-h estimate was a large improvement over using the 6 h desorption calculation as the representation for F rapid .
Finally, because the amount desorbed from the slow fraction may have had some impact on the amount bioaccumulated [5] , it seemed reasonable to examine the utility of estimating the fraction bioavailable as that from both the fast and slowly desorbing compartments. These regressions were similar to using F rapid as the independent variable for prediction of the extent of bioavailability with r 2 ϭ 0.61 and 0.67 for L. variegatus and Diporeia, respectively.
DISCUSSION
It is clear from both modeling activities [21] and experimental investigations [1] [2] [3] [4] 7] that desorption of contaminants from sediment particles drives the bioaccumulation process by maintaining the concentration of the aqueous source for the organism. This occurs regardless of route of exposure because the desorption process is required whether the compound must pass to interstitial water or to intestinal fluid prior to absorption across a membrane. Although in the latter case, the intestinal fluid may be more efficient, enhancing either the desorption rate or extent of desorption [22] .
The major question addressed in this work was whether measured desorption characteristics described the toxicokinetics and/or bioaccumulation so that a fixed relationship could be established to allow the determination of bioavailability across a range of compounds and sediments for either L. variegatus or Diporeia spp. Recent work demonstrated a strong relationship between the amount extracted by Tenax resin and the amount of contaminant accumulation by oligochaetes for several sediments [7] . However, each sediment exhibited a different slope between the resin extraction and the bioaccumulation. Those sediments had relatively high organic carbon contents of 4 to 12%. The real need is to determine whether there is a relationship between bioavailability and desorption across sediments; although, it is expected differences among species will remain because of differences in characteristics such as feeding behavior, mode of interaction with sediment, and physiological features such as lipid content.
The bioaccumulation of contaminants is a balance between the rates of accumulation and loss. The two organisms differ in feeding behavior and L. variegatus has shown some ability to biotransform PAH in longer exposures [23, 24] . Though both ingest fine particles, generally less than 63 m, L. variegatus is considered a general feeder with minimal selectivity ingesting any and all particles small enough to fit in its mouth similar to other aquatic oligochaetes that demonstrate less than a factor of two difference in the organic carbon content between feces and sediment [25] , while Diporeia spp. is considered a very selective feeder [26] . In addition to the differences in the feeding behavior, the two species have substantially different amounts of lipid. Diporeia typically contains four-to five-fold larger lipid concentrations than L. variegatus. Thus, at steady state, Diporeia spp. would have a greater capacity for these nonpolar contaminants than L. variegatus on a wet weight basis. Each of the above differences can lead to observed differences in the bioaccumulation of the contaminants; however, the desorption still should describe the differences between the sediments, which would be determined by the combination of sediment and compound characteristics, but would not be expected to describe the differences between the organisms.
Within each compound and across sediments, the consistency of the desorption parameter (e.g., fraction desorbed), rate constant for desorption, or the flux off the sediment and the consistency of the toxicokinetic parameter (e.g., k s , k soc , k e , BAF, and BSAF), predicted varied substantially among the compounds and between the two organisms (Table 5 ). Our expectation was that there would be a consistent parameter(s) among those that describe desorption and those that describe the toxicokinetics to produce predictive relationships. The most consistency was found for L. variegatus and this might correspond to its more general feeding behavior. However, the absence of really clear patterns of prediction by the various desorption parameters may be attributed partially to the small number of sediments examined. In our case, one errant value would have a substantial impact on whether correlations are significant or not. Another factor that could be complicating the observation could be the differences in hydrophobicity among the compounds. For instance, if two compounds of differing log K ow have the same F rapid , there could be differences in the uptake coefficients as the one with the higher log K ow would likely be accumulated more rapidly. These phenomena could add to variability where only the uptake or elimination were examined relative to the desorption parameters.
Thus, because bioaccumulation from sediments may be controlled not only by the rate of uptake but also by the rate of elimination for which sediments may play a contributing role as described above, we expected that there would be more consistent correlations across the sediments when BAF or BSAF were used as the surrogate for bioavailability. When examining each compound across all sediments, there still was not the consistency expected, particularly when the BAF was used as the measure of bioaccumulation. Better correlations existed for L. variegatus than for Diporeia spp. As with the toxicokinetic parameters, the small number of samples and the potential influence of differences in hydrophobicity could have contributed to the observation. However, switching to the BSAF would account for the relative solubility in the two phases, organism and sediment, and hopefully would reduce any influence of differences in hydrophobicity. However, the consistency was not improved for individual compounds. One complication was the case of HCBP and, to some extent, TCBP; the compounds did not show strong differences in desorption or bioaccumulation among the sediments despite the relatively large differences in sediment characteristics [11] (Fig. 1) . However, when all the compounds were considered together, the regressions for each organism were significant and accounted for 40 to 50% of the variation in the data. These regressions were not quite as good as that found for PAH only (r 2 ϭ 0.76 [1] ) or for PAH and chlorobenzenes (r 2 ϭ 0.77, [2] ). If we remove the PCBs from the regressions, then the linear regressions for BSAF versus F rapid for PAH only would have r 2 values for 54 and 64% for L. variegatus and Diporeia, respectively, where our regression is across seven sediments and that of Kraaij et al. [1, 2] , which is for a single sediment. Thus, these appear to be comparable considering the potential additional variability that would result from accumulation across seven sediments. However, the relationship of BASF versus F rapid (Fig. 1) did not appear to be linear for either organism. In looking at the similar regressions from Kraaij et al. [1, 2] , though the data were fit with a linear regression, there does appear to be some curvature to the data. The best fit to our data was log BSAF versus F rapid (Fig. 2) , which yielded highly significant regressions with the residuals evenly distributed around the observed lines. The slopes and intercepts for the two organisms were statistically different. This is somewhat different from a previous study (e.g., [7] ) where a linear relationship between BSAF and the extent of extraction by Tenax resin was linear for data from a single sediment. Despite the highly significant regression, there still is variability, about 30%, that is not explained by the relationship of log BSAF versus F rapid . However, the error of the estimate is only about a factor of two from the predicted value for both organisms. Thus, to predict bioavailability for four compounds of differing log K ow values over a range of sediments that had a range of organic carbon of a factor of 10 (0.41-4.11% dry wt [11] ) suggests that this prediction could be a useful screening tool for predicting bioavailability. There still needs to be more data collected to determine whether a log linear regression or a linear regression ultimately will be the most appropriate descriptor for predicting BSAF from F rapid .
The work by ten Hulscher et al. [7] suggests that a substitution of a 6-h Tenax resin extraction can be employed as a replacement for F rapid for predicting bioaccumulation. This is suggested because a 6-h extraction appears to yield a value about 50% of F rapid [3] . Shor et al. [6] suggest a 24-h extraction because this duration of extraction yields values essentially equivalent to that of F rapid . In this data set, neither a 6-h or 24-h time point was taken as a part of the desorption measure. However, because the desorption kinetics were measured out to 38 d and appropriately modeled, it is possible to calculate the expected amount extracted in 6 h or 24 h and compare the data to F rapid . The correlation between the 6-h calculated desorption and F rapid had a slope of 0.52, indicating that on average the amount extracted was about 50% of F rapid . However, the regression only accounted for about 30% of the variability in the data. What stands out is that the BaP and HCBP were not as far along in their desorption as were the PY and TCBP (Fig. 3) . Thus, it is not surprising that the calculated 6-h desorption value did not produce useful predictive regressions with either species and log BSAF. This is contrary to observations of ten Hulscher et al. [7] where a linear relationship was observed for multiple compounds in a single sediment. This may have been because this work used a limited number of compounds and several sediments. Shor et al. [6] suggested that a 24-h extraction would be an appropriate measure equivalent to F rapid . Using the calculated values from the desorption kinetics, the slope of the regression line between the calculated fraction desorbed in 24 h and F rapid was 0.94 and not statistically different from one (Fig. 4) . Still there is some indication that the BaP and HCBP may not be desorbed to the extent that would represent F rapid . Attempts to use these calculated values to predict the log BSAF improved substantially over using the 6-h data but still was much less predictive than using F rapid (r 2 ϭ 0.24 and 0.40 for L. variegatus and Diporeia, respectively). The use of a 24-h extraction would seem to improve the representation of F rapid ; however, additional measured values with appropriate bioassays are needed to determine the overall utility of the approach. Certainly, a calculated value was not as useful. The failure of the two calculations to represent F rapid may lie in the rate at which compounds are desorbed. For instance, for HCBP, F rapid is large but k rapid is about the same magnitude as that for TCBP. Thus, in 6 or 24 h, the fraction of HCBP desorbed from the sediment will be a smaller proportion of F rapid than for TCBP. Thus, fixed extraction times may not serve across all compounds or sediments.
Finally, it is clear that there could be some contribution from the slowly desorbed fraction by the time that the organisms attain steady state. A contribution from the slowly desorbing compartment has been described for other bioassays [5] . Thus, it seemed reasonable to examine the potential of adding the slow compartment to attempt to account for some of the variability not yet accounted for with F rapid . However, combining the two fractions for regression against log BSAF Desorption and PAH and PCB bioavailability Environ. Toxicol. Chem. 23, 2004 1851 resulted in similar but somewhat less significant regressions than just using F rapid (r 2 ϭ 0.61 and 0.67 for L. variegatus and Diporeia, respectively). To include contributions from other compartments suggests that the sediment in the region of the organism has become depleted in the rapidly desorbing compound. However, this may not be the case because the organisms can move through the sediment away from local depletions, and the bulk sediment did not change concentration over the course of the bioassay. Thus, the best relationship for predicting the bioavailability of sediment-associated contaminants in this study was a regression of F rapid and log BSAF, which produced predictions generally within a factor of two of the measured values.
